Abstract: Organic spring wheat (Triticum aestivum L.) breeding programs have been initiated, yet yield efficiency and N economy research is limited. We evaluated the performance of advanced lines selected from an organic breeding program initiated in 2003. Fourteen F 8 and F 9 lines in 2009 and 11 lines in 2010 were compared with commercial (check) cultivars. Field experiments were conducted under organic management at four site-years in Manitoba and Saskatchewan. Combined analysis showed no difference in biomass accumulation between organic lines and check cultivars; however, harvest index and grain yield were greater in organic lines compared with the checks. Organic lines were shorter than check cultivars, but yield efficiency, defined as kernel number per unit of crop biomass at anthesis, was higher (P < 0.05). Kernel mass was also greater for organic lines. Biomass N uptake was similar for organic lines and check cultivars, although total uptake of N into grain was greater for organic lines. The average grain protein content of organic lines was significantly lower than the check cultivars. This study demonstrated that improved yield under organic management was because of better assimilate partitioning, both at anthesis and crop maturity, for organically selected genotypes.
Introduction
The crop grown on the most organic acreage across the Canadian Prairies is spring wheat (Triticum aestivum L.) (Macey 2010) . However, wheat cultivar choices are limited mostly to conventionally bred types. While one wheat cultivar was recently developed exclusively under organic selection and is now registered in Canada (e.g., AAC Tradition), it is not yet in large-scale commercial production.
Research in North America and Europe has focused on the adaptation of commercial wheat cultivars to organic production in an effort to identify suitable cultivars and to better understand important traits in organic production. Carr et al. (2006) observed that some modern cultivars ranked consistently high for yield, protein content, and volume weight when grown under organic management. Mason et al. (2007) identified crop height and early maturity as the traits most closely associated with positive performance of conventional wheat cultivars under weedy conditions in Alberta. Lammerts van Bueren et al. (2011) identified the ability to assimilate macronutrients during the growing season as important for cultivar performance under organic management, though Nelson et al. (2011) observed no difference in mycorrhizal colonization of five wheat cultivars in organic fields. Fernandez et al. (2014) identified resistance to leaf spotting diseases as important for the performance of wheat grown under organic management in Saskatchewan.
Several studies have compared modern and older "heritage" wheat cultivars in an attempt to identify positive traits among the older genotypes. Murphy et al. (2008) found that older cultivars contained higher levels of micronutrients, while Pridham et al. (2007) found no difference in yield performance between Red Fife, a tall 1890's cultivar, and two shorter modern wheat cultivars under organic production. Martens et al. (2014) found that older cultivars, including Red Fife, were generally lower yielding and more leaf rust (Puccinia spp.) susceptible than modern cultivars; this difference was greatest under heavier leaf rust. Kirk et al. (2011) observed that older cultivars, including Red Fife, had lower mycorrhizal colonization and grain yield than modern cultivars when grown organically; however, no tissue P concentration differences were observed.
The interest in cultivar adaptation to organic production has spurred interest in dedicated organic breeding programs (Lammerts van Bueren et al. 2002) . In their study of 35 different soft white winter wheat breeding lines, Murphy et al. (2007) found that direct selection within organic systems resulted in yields 5%-31% higher than indirect selection in conventional systems. Others have reported similar results (Reid et al. 2009; Kirk et al. 2012) , though Kronberga et al. (2013) found no advantage to direct selection in triticale (Triticale (× Triticosecale Wittm.)).
Major challenges of organic farming include nutrient and weed management (Entz et al. 2001 ), so it is not surprising that organic wheat breeding programs have focussed on improved nutrient use efficiency (Dawson et al. 2008 ) and weed competitiveness (Mason et al. 2008) . Organic breeding lines have also been evaluated for grain quality, predominately protein content (Wang et al. 2003) . Mason et al. (2007) reported that cultivars grown under organic management tended to have higher dough strength and comparable grain protein levels compared with the same cultivars grown under conventional management. Nelson et al. (2011) found higher protein levels in organic systems, but this was because of lower yield (i.e., protein concentration). Kirk et al. (2012) observed that both grain yield and protein content were higher in organically selected spring wheat populations.
Harvest index (HI) is a common measure of yield physiology, but Doyle and Fisher (1979) proposed additional indices that provide a deeper understanding of crop physiological responses to the growing environment. These include kernel number per unit area of land, kernel number per unit of biomass at anthesis (called the kernel production efficiency), and grain yield per unit of biomass at anthesis (Fischer and Kohn 1966; Doyle and Fisher 1979) . Kernel production (i.e., kernels per unit area of land and per unit of biomass) is an important measure in a sink-limited crop such as wheat Fisher and Edmeades 2010) . No previous studies have considered yield physiology of organic vs. conventionally developed wheat genotypes.
The present study examined advanced breeding lines (F 8 in 2009 and F 9 in 2010) from the Agriculture and Agri-Food Canada (AAFC)/University of Manitoba spring wheat organic breeding program. Breeding lines for inclusion in the present study were selected on the basis of yield performance and high protein content in preliminary organic yield tests where grain had been screened for protein in the F 4 generation. These breeding lines were compared with conventional check cultivars. We hypothesized that the organically selected lines would have improved yield efficiency and greater N uptake than the check cultivars when grown under organic conditions. Varietal adaptation to organic farming has often been addressed by comparing the same set of lines in organic and conventional environments (Murphy et al. 2007 ). The present study, instead, compared organically selected lines with a set of conventional commercial cultivars, all grown in an organic environment. To provide a uniform seed source for the experiments, seeds of all lines and cultivars were grown at Glenlea, Carman, and Oxbow in 2008 and were evenly blended based on kernel weight and germination rates for seeding the 2009 sites. Seed produced at each location in 2009 was retained and used to seed at the same site from which it was collected for the 2010 trials.
Materials and Methods

Site description
Genotypes were compared in a randomized complete block design with four replicates at all study sites. Each treatment plot was seeded with a main plot that split into two 4-row sub-plots. Row spacing was 15 cm and rows were 8 m in length. One sub-plot per treatment was randomly selected and used for in-season biomass sampling and the other sub-plot was left undisturbed for yield measurement. Border rows of fall rye were seeded between plots and sub-plots, and border plots of wheat were sown on either side of each trial to minimize edge effects.
Field trial management
The land was prepared immediately before seeding using one pass with a field cultivator followed by harrowing. Plots were seeded using a disk drill (Fabro Industries, Swift Current, SK). Plots were seeded into moisture (approximately 2.5-5 cm) at all sites with an approximate density of 333 viable kernels m 
Data collection
Wheat plant population density was measured in two randomly selected 3 m row lengths per plot when plants were at the three-leaf stage. Crop height measurements were taken at maturity by measuring the distance from the soil to tip of spike (not including awns) in 10 plants within each experimental unit. Aboveground biomass was measured twice during the growing season: at anthesis (Zadoks et al. 1974 -stage 65) , and at the late dough stage (Zadoks stage 87) . At Glenlea in 2009, a biomass measure at wheat stem elongation (Zadoks stage 32) was also included. In all cases, plants were cut at ground level (0-2.5 cm). Material was dried at 70°C for 48 h after being collected. Dried biomass samples from each sampling were weighed to assess dry matter (DM) value for each sample.
Prior to grain harvest, the ends of plots were trimmed and individual plot area measured. Plots were harvested using a Wintersteiger plot harvester (Model 'Nurserymaster Elite') except at Oxbow in 2009 where they were hand harvested and threshed using a custom designed belt thresher. The harvested area was between 6.1 and 7.3 m 2 depending on location. Grain samples were dried for 48 h on a forced air drying bed or on drying racks prior to cleaning. Grain samples were cleaned to remove excess chaff and weed seeds using a Carter Day dockage tester (model 31624/W-3301). The dockage tester contained a No. 1 riddle, 9/64 tri double cut sieve, and an S-909 S1/2 164 R.086 sieve. Two hundred and fifty seeds were counted in order to determine kernel mass using a seed counter (Old Mill Model 850-3). The kernel number (KNO) per unit of area as well as kernel number per unit of dry matter at anthesis (KNO:DMa) was calculated by dividing the number of kernels produced per hectare by the kilograms of yield per hectare. Grain harvest index (HI) was also calculated. An index of grain yield per unit of dry matter accumulated at anthesis was calculated and is referred to as the mid-season harvest index (MS-HI).
The nitrogen content of aboveground biomass and grain was measured. Dried biomass tissue samples were ground using a Wiley Mill No. 1 with a 2 mm screen (A.H. Thomas Co., Philadelphia, PA). A sub-sample of each grain sample was ground using a cyclone sample mill. A sub-sample of the ground tissue and flour samples were analyzed for nitrogen content using a LECO FP-528 (LECO, St. Joseph, MI) combustion analyzer. Biomass N accumulation was calculated as biomass yield × biomass N concentration. Grain N yield was calculated as grain yield × grain N concentration.
Data analysis
Cultivar differences were tested using analysis of variance (ANOVA) for all measurements. Data sets were analyzed using the PROC Mixed procedure with the Statistical Analysis Software program (SAS Institute 2001). Wheat genotypes were considered as fixed effects and replications and site-years as random effects for all measurements. Assumptions of ANOVA were tested by using the PROC Univariate procedure. Differences were considered significant at P < 0.05.
The Shapiro-Wilk W-statistic test indicated some nonnormal results and square root transformations were required for crop height, final biomass, grain N yield, and KNO:DMa. In order to combine the four site-years and perform a combined analysis of the data, the variances within the data were tested to ensure they were not significantly different. Using Bartlett's test for homogeneity (P > 0.05), it was found that data from the four site-years had equal variances for all parameters except plant height and 1000-kernel weight. Transformation did not help to normalize these parameters, so plant height and 1000-kernel weight results are presented as individual site-years.
Means of all organic vs. conventional lines were also tested in an orthogonal contrast.
Results and Discussion
Establishment, growth and grain yield No differences were observed among wheat genotypes for plant population density ( (Entz et al. 2001) . Combined analysis for yield showed significant differences among genotypes. All organically selected lines (ORG), with the exception of ORG 6, 9, and 10, yielded significantly more than the check cultivars. ORG 7 was the highest yielding line across site-years, with an average yield of 3568 kg ha −1 (Table 4) .
Averaged over site-years, the top five yields were all Note: -, not measured. a Means followed by a different lowercase letter are significantly different at P < 0.05. organic lines, while the lowest yielding cultivar was the check cultivar 'Kane', which had an average yield of 2895 kg ha −1 . 'Cadillac' was the only check cultivar that yielded more than any organic line. As a group, organic lines yielded 456 kg ha −1 more (contrast P < 0.05) than the check cultivars (Table 4) . Kirk et al. (2012) also observed higher grain yield when wheat genotypes were selected under organic vs. conventional management. Grain yield differences were observed at all four siteyears. The significant genotype × site-year interaction (Table 4 ) was attributed to small differences in the ranking of cultivars and lines between site-years and no consistent cross-over interaction was observed (data not shown).
Across all site-years, organic lines were 7-10 cm shorter than check cultivars (Table 5 ). The magnitude of the height differences varied by site (Table 5 ). The shortest crops overall (average 78 cm) and the smallest height differences between organic and check cultivars were observed at Oxbow in 2009. Our results are opposite to those of Kirk et al. (2012) , who observed that organically selected wheat populations were taller than the same population selected under conventional management. It has been previously reported that taller varieties are more competitive and thus better suited for organic conditions (Cudney et al. 1991; Gooding et al. 1993) . A shorter planophile cultivar with a high leaf area index and vigorous early season growth may be more competitive than a tall cultivar that lacks those traits (Wolfe et al. 2008; Lammerts van Bueren et al. 2011) . Tallness was included in a Mason et al. (2007) ideotype description for organic spring wheat.
Yield efficiency
The parameters used to describe yield efficiency in this study included HI, KNO, KNO:biomass at anthesis, and grain yield:biomass at anthesis (Fisher and Kohn 1966; Entz and Fowler 1990) . Harvest index was significantly higher for organic lines (average 0.43) compared with check cultivars (average 0.37). Therefore, while aboveground biomass was similar in organic lines and check cultivars, organic lines were able to shift a higher proportion of that biomass to grain (Table 4) (Fischer and Kohn 1966; Barraclough et al. 2014) . Among organic selections, ORG 7, 11, and 12 tied for the highest HI (0.44), while the check cultivar 'McKenzie' had the lowest HI (0.35). In the present study, greater HI corresponded with decreases in plant height. Brancourt-Hulmel et al. (2003) reported HI increases were associated with reduced plant height and reduced lodging. Hay (1995) found HI to be more stable than yield when measured in different environments and concluded that HI may be a superior parameter to utilize when comparing the performance of breeding lines across varying environments. The lack of a significant genotype × site-year interaction for HI compared with the presence of such an interaction for grain yield (Table 4) lends support to Hay's assertion.
Contrast results for MS-HI (i.e., grain yield per unit of biomass at anthesis) also showed an advantage for the organically selected lines (Table 4) . Yield:DMa averaged 62% for organic lines compared with 52% for the check cultivars. Greater grain yield per unit of biomass at anthesis may be due to greater mobilization of pre-anthesis resources during grain filling (Fischer and Kohn 1966) , greater de novo assimilation during grain filling a Means followed by a different lowercase letter are significantly different at P < 0.05.
(Fischer and Edmeades 2010), higher plant productivity from a 'stay green' trait because of a longer period of active photosynthesis (Gregersen et al. 2008) , or a combination of these factors. Greater grain yield per unit of pre-anthesis biomass may make genotypes more tolerant of pre-anthesis growth limiting factors such as weed interference or slow N mineralization from the soil organic matter. These processes require further investigation. Kernel number per unit area of land (KNO) is recognized as an important component determining final grain yield in sink-limited crops such as wheat (Doyle and Fischer 1979) . Greater (P < 0.05) KNO for organic lines than check cultivars (average 679 kernels m −2 ) indicates that organic lines developed a larger sink than the check cultivars (Fischer and Edmeades 2010) . KNO was highly (P < 0.01) correlated with grain yield (r = 0.94**), HI (r = 0.54**), and final biomass (r = 0.59**), supporting previous work (e.g., Entz and Fowler 1990; Donmez et al. 2001) .
Kernel number per unit of dry matter at anthesis (KNO:DMa) has been referred to as the kernel production efficiency (Fischer 1979) . Organic lines produced an average 2016 more kernels per unit of biomass at anthesis than the checks. Because KNO is set by anthesis, greater kernel production per unit of anthesis biomass points to an assimilate partitioning advantage for organically selected lines during the pre-anthesis period.
Among genotypes, ORG 9 had the highest kernel production efficiency, while the check cultivar 'McKenzie' had the lowest. The lowest average kernel production efficiency was observed at the weedy siteyear (Oxbow 2010); however, the lack of a significant interaction between genotype × site-year indicated that kernel production efficiency differences between genotypes were stable across sites (Table 4 ).
Significant differences were also observed for kernel mass (Table 6 ). Contrast performed between the organic lines and check cultivars found the organic lines to have significantly higher kernel mass at all four site-years (Table 6) . A slight positive correlation (r = 0.29**) was observed between kernel mass and grain yield. Kirk et al. (2012) also found that wheat selected under organic management had higher kernel mass than the same populations selected under conventional management.
In summary, based on contrast analysis, the organically selected lines had similar total aboveground biomass compared with the check cultivars, but they were able to transfer a higher proportion of that biomass to seed. Greater HI for organic lines points to improved assimilate partitioning after anthesis, suggesting that traits like 'stay green' (Gregersen et al. 2008) or better disease resistance (Fernandez et al. 2014 ) may have been involved. At the same time, higher kernel production efficiency (i.e., KNO:DMa) for organic lines suggests that assimilate partitioning advantages for the organic lines also occurred before flowering. Even kernel mass, often associated with post-anthesis growing conditions, can be influenced by conditions before anthesis (i.e., carpel size) (Calderini and Reynolds 2000) . Pre-anthesis assimilate advantages for organic lines are important as pre-anthesis dry matter accumulation in organic production can be limited by early season weed interference and limited availability of N from soil organic matter (Cicek et al. 2014 ). ; similar values were reported for organic wheat grown after a pea/oat green manure (Cicek et al. 2014 ) and conventionally fertilized wheat (Malhi et al. 2006) . Generally, there was little difference among genotypes for plant biomass N uptake at anthesis or maturity (Table 7) . Only one significant effect was observed, that of greater tissue N concentration at anthesis for organic over check cultivars ( Table 7) .
As a group, the organically selected lines had lower grain protein content compared with check cultivars (Table 7) . One explanation is protein dilution because of higher grain yield. Our results differ from those of Kirk et al. (2012) , who observed both higher grain protein and yield in organically selected lines compared with those selected in a conventional environment.
The lack of a significant genotype × site-year interaction indicates that lower grain protein in organic lines was consistent across site-years. The cultivar 'Cadillac' had the highest average protein of 142 g kg −1 , while ORG10 was found to have the lowest average grain protein of 130 g kg −1 . Average protein values in this study ranged between 116 and 155 g kg −1 and would be considered adequate to low according to the Canadian Grains Commission grain grading guide (Canadian Grain Commission 2012). Wolfe et al. (2008) stated that grain protein in organic agriculture needs to be higher in order to compensate for the relatively lower N availability compared with conventional systems, while Lammerts van Bueren et al. (2002) suggested that organic cultivars should have larger and more active root systems for increased nutrient uptake in order to cope with the lower nutrient levels of organic fields. In the present study, soil N levels were adequate (Table 1 ) and no differences in wheat plant N uptake were recorded (Table 7) .
Nitrogen uptake into harvested seed is an indirect measure of N use efficiency. This measure is also simpler to use than plant N biomass when screening breeding populations for N sufficiency ). In our study, total grain N yield was higher in organic lines than check cultivars (Table 7) ; however, greater ability to assimilate N did not translate into similar or higher grain N concentration (i.e., grain protein content), despite the fact that total grain N yield and grain protein Note: -, not measured. a Means followed by a different lowercase letter are significantly different at P < 0.05. content were correlated (r = 0.68**). Therefore, it appears that organic lines were still better able to assimilate carbohydrates than N, resulting in more protein dilution than the check cultivars.
Conclusions
This preliminary study measured seasonal crop growth, yield, and N uptake of advanced wheat breeding lines after 6 and 7 yr of selection with commercial check cultivars. An important finding was that higher grain yield (P < 0.05) in organic lines were not associated with taller stature or greater aboveground biomass accumulation; no differences for these parameters were observed. Where organic lines differed from the check cultivars was in assimilate partitioning: both pre-and post-anthesis assimilate partitioning was greater for organic lines. Superior pre-anthesis assimilate partitioning is of particular interest given the challenges of weeds and N supply that organic crops face early in the season. Future research using organic vs. conventional selection of the same wheat populations (such as the Kirk et al. 2012 study) is required to confirm our preliminary observations.
Despite having more N uptake into grains, most organically selected lines had lower grain protein concentrations than conventional check cultivars. Therefore, our selection approach was better at increasing grain yield than grain N concentration even though selections were screened for grain protein in the F 4 generation. The limiting factor to N economy did not appear to be soil N availability; available N levels were high at all site-years.
